p53 plays an important role in restriction of abnormal cell proliferation. Loss of this safeguard function induced by p53 mutations seems to be a key mechanism in oncogenesis. It cannot be excluded however, that in addition to elimination of p53-dependent checkpoints and/or apoptosis p53 mutations may cause additional eects that contribute to oncogenic transformation. In order to analyse the eects of wild-type (wt) and mutant p53 on expression of ras-induced morphological transformation we used the method of computer-assisted morphometry. The following parameters were determined: a) the area covered by the spread cells; b) dispersion and c) elongation of cell contours. The last two indices characterise cell shape. Elongation indicates the degree of bipolarity of cell contour and dispersion ± the degree of its multipolarity. Transformation of Rat1 and mouse 10(3) ®broblasts by N-rasasp12 oncogene was accompanied by dramatic decrease of cell area and increase of dispersion and elongation. IAR-2 discoid epitheliocytes expressing exogenous ras oncogene transformed into polarised cells with decreased cell area. Fluorescent microscopic examination of actin cytoskeleton stained with rhodamine-phalloidin had shown that ras-induced transformation of IAR-2 cells is characterised by disappearance of circumferential actin bundle and straight ®bers. Neither did we reveal actin stress®bers in the ras-transformed Rat1 cells. Transduction of p53 cDNAs caused no signi®cant changes in morphometric parameters of non-transformed parental Rat1, IAR-2 and 10(3) cells, but some of the p53 mutants modi®ed cell shape of ras-transformed cells. p53-His273, unlike other tested p53 mutants (Tyr141, His194, Trp248), induced partial reversion of morphological transformation in both Rat1 ®broblasts and IAR-2 epitheliocytes. Its expression led to increase of average cell area, decrease of dispersion and elongation indices, and re-appearance of actin bundles. Exogenous wild-type p53 also caused some reversion of transformed phenotype of Rat/ras cells, but its eect was weaker than that of the p53-His273. In contrast, another p53 mutant p53-His175 was able to enhance ras-induced morphological transformation in p53-de®cient murine 10(3) ®broblasts that is consistent with possible involvement of some gain of function activity of mutant p53 in modulation of cell shape. Possible pathways that might be responsible for p53-induced changes of cell morphology are discussed.
Keywords: p53; ras; morphological transformation Experimental evidences suggest that p53 is involved in activation of cell cycle checkpoints and in triggering apoptosis in response to genotoxic stresses and some other unfavourable insults (for review see Hartwell and Kastan, 1994; Chernova et al., 1995; Ko and Prives, 1996) . p53 thus serves to restrict growth of potentially abnormal cells. It is generally accepted that the loss of this guardian activity would increase probability of malignant transformation. In fact, mutations within p53 gene are the most common genetic alterations reproducibly found in human tumours (Hollstein et al., 1994; Levine et al., 1995) . Preferential occurrence of missense-mutations as compared with chain termination codons, frameshifts, deletions, exon skipping, etc. suggests however that the cells expressing aberrant p53 may have additional selective advantages as compared with p53-negative cells. In fact, unlike mutant forms of some other tumor-suppressor genes such as RB, mutant p53 possess biological activities including the ability to induce in cooperation with ras oncogene the formation of cell foci with typical transformed phenotype (Eliyahu et al., 1984; Jenkins et al., 1984; Parada et al., 1984; Hinds et al., 1990) . Both dominant-negative and gain of function activities of mutant p53 can contribute to its oncogenic potential (for review see Zambetti and Deppert, 1994) . The former is evidently due to the ability of mutant protein to bind the product of the wild-type (wt) p53 gene alleles and to form heteromeric complexes showing decreased capacity to interact with p53-responsive elements (reviewed in Milner, 1994; Prives, 1994) . The latter activities can be revealed upon transduction of mutant p53 alleles into the p53-null cells and include the ability to increase clonogenicity in semisolid medium in vitro (Dittmer et al., 1993) as well as to enhance tumorigenicity (Shaulsky et al., 1991; Dittmer et al., 1993) and metastatic capacity or invasiveness in vivo (Pohl et al., 1988; Hsiao et al., 1994) .
In order to gain additional insight into the role of p53 mutations in induction and maintenance of transformed phenotype we decided to study the in¯uence of ectopic expression of some tumourderived p53 mutants on cell morphology in several dierent cell contexts. For this purpose we analysed the sublines of Rat1 ®broblasts, rat IAR-2 epitheliocytes as well as murine p53-de®cient 10(3) ®broblasts bearing retroviral constructs with various p53 cDNAs and activated N-rasasp12 or v-mos oncogenes which were developed by us earlier Stromskaya et al., 1995) . The method of computerassisted morphometry (Dunn and Brown, 1986) was used for assessment of cell morphology. Measuring of cell size (area) combined with determination of elongation and dispersion indices were carried out to show the degree of cell asymmetry. Elongation index shows how much the extended mass of the shape can be reduced by compressing the shape to its centre of gravity and can be considered as a measure of cell bipolarity. Dispersion index shows how much of the extended mass remains after compression and can be considered as a measure of cell multipolarity (see Brown et al., 1989 for a detailed discussion).
Rat1 and IAR-2 cells may be considered as minimally tranformed cells. They are non-tumourigenic and retain basic morphological features of normal ®broblasts and epitheliocytes respectively. The derivatives of Rat1 and IAR-2 cells transformed by N-ras or v-mos oncogenes show dramatical changes of cell morphology and actin cytoskeleton. IAR-2 were obtained by Montesano et al. (1975) from explants of rat liver. These cells are discoid shaped epitheliocytes possessing broad circular lamellas along with a prominent circumferential bundle of actin ®laments and numerous stress ®bers in more central parts of cytoplasm ( Figure 1a ). Transformation of epithelioid IAR-2 cells by N-ras oncogene was manifested by decreased spreading. The area of their projection on the substratum was signi®cantly diminished (Table 1 ). Other characteristic change was loss of discoid shape. Transformed cells acquired polarised ®broblast-like shape. Accordingly, average dispersion and elongation indices increased considerably. We also observed disappearance of circumferential actin bundle and prominent straight actin bundles of micro®laments in the central regions of cells ( Figure 1b) . (Montesano et al., 1975) derivatives expressing pPS/neo constructs with various human p53 cDNAs and/or pPS/hygro vector containing human activated N-ras ssp12 oncogene were obtained as a result of retrovirus-mediated gene transfer Stromskaya et al., 1995) . The Rat/ mos cells bearing v-mos oncogene were isolated after Ca 2+ PM co-transfection of pRSV/mos vector along with pPs/hygro plasmid . IAR-ras/273 and IAR-ras/248 cell lines were obtained in the course of present study by infection of IARras/C5 clone with recombinant pPS-neo/p53-His273 or pPS-neo/p53-Trp248 retroviral constructs , respectively. To minimise the in¯uence of clonal variability we developed and analysed sublines derived from dozens of individual clones. Similar approach was used earlier to develop on the basis of Rat-ras/C1 and Rat/mos1 clones the sublines expressing various exogneous p53 cDNAs .
b Cell area, dispersion and elongation indices were determined according to Dunn and Brown (1986) . Brie¯y, outlines of cells were drawn with the aid of photoenlarger and entered into computer by tracing on a digitising table (Bitpad 2). Tracer V1.0 software was used. In each case 40 ± 50 cells were measured. Statistical dierences were analysed by Fisher-Student test Rat1 cells are typically polygonal shaped. Fluorescent microscopic examination of actin cytoskeleton stained by rhodamine-conjugated phalloidin shows strong bundles of micro®laments in cytoplasm oriented along the long axis of cells. (Figure 2a ). Rastransformed Rat1 cells decrease the degree of spreading and acquire spindle-like form with small lamellas at active edges. These morphological changes were con®rmed by quantitative morphometric measurements. Average cell area was signi®cantly diminished while dispersion and elongation indices were increased (Table 1) . Similar but less prominent changes in cell shape were found in Rat1 cells transformed by v-mos oncogene (Table 1) . Rhodamine-phalloidin staining did not reveal actin ®bers in ras-transformed Rat1 derivatives (Figure 2b) . These changes were similar to those characteristic of oncogene-induced morphological transformations of other epithelial and ®broblastic cell lines (Schenenberger et al., 1991; Behrens et al., 1993) .
Expression of mutant p53-His273 partially reverses ras-induced morphological transformations of IAR-2 epitheliocytes and Rat1 ®broblasts.
p53-His273 but not other tested p53 mutants (Tyr141, His194, and Trp248), dramatically aected ras-transformed phenotype of IAR-2 epitheliocytes. Ras-transformed cells expressing this mutant became better spreaded and restored discoid shape that is the main morphological characteristic of IAR-2 cells before ras-transformation. Morphometrically this reversion was manifested by increase of cell area and decrease of average dispersion and elongation indices. These indices become similar to those of nontransformed IAR-2 cells. However elongation and dispersion indices remained higher than those of nontransformed IAR-2 cells indicating that this reversion was not complete. In addition, reappearance of circumferential actin bundles characteristic of nontransformed IAR-2 cells was not observed after transduction, although the density of straight actin bundles increased (Figure 1c) .
Transduction of p53-His273 also caused partial morphological reversion of ras-transformed Rat1 ®broblasts. Signi®cantly increased average cell areas and decreased dispersion and elongation indices were observed (Table 1) . Rhodamine-phalloidin staining revealed restoration of thin actin bundles in cytoplasm of Rat-ras/273, oriented along the large axis of the cells (Figure 2c ). As shown in Table 1 the in¯uence of p53-His273 on the expression of ras-induced morphological changes was found both after introduction of pPS/ hygro-ras retroviral constructs into the cells expressing HSG/neo-His273 (comparison of Rat/273-ras cells vs Rat/neo-ras) and after transduction of mutant p53-His273 into the Rat1 and IAR-2 sublines transformed by N-rasasp12 (comparison of Rat-ras/273 vs Rat-ras/ neo and IAR-ras/273 vs IAR/ras cells). Importantly, this eect is not evidently due to a decrease in expression of N-ras transgene in the cells bearing p53-His273 constructs, as previously we have shown that the Rat-ras/273 cells used in the present study express even higher levels of exogenous ras mRNa as compared with the control Rat-ras/neo cells . Probably, these morphological eects were due to modulation of a function of ras downstream targets by the expression of p53-His273. In contrast to ras-transformed cells p53-His273 had no statistically signi®cant eect on the morphology of the Rat1 cells transformed by v-mos oncogene (Table 1) .
The eect of p53-His273 on expression of rasinduced morphological changes was similar to that of the p53-wt. After infection of Rat/ras cells with pPS/ neo-p53wt retroviral constructs the geniticin-resistant colonies appeared with approximately 30 ± 100 times lower frequency than that observed after infection with analogous retroviruses containing mutant p53 cDNAs. Probably the grown clones expressed the minimal p53-wt levels that can be tolerated by ras-transformed Rat1 cells. Nevertheless such cells showed some mitigation of expression of ras-induced morphological changes, i.e. an increase of cell area and decrease of elongation index (Table 1) . Thus it can not be excluded that the ability of p53-His273 to aect cell shape represents residual activity of the wild-type p53. In fact, unlike some other p53 mutants p53-His273 retains the ability to bind to p53-speci®c DNA-binding sequences (Zaichuk et al., 1993; Niewolik et al., 1995) , and to transactivate p53-responsive promoters Park et al., 1994) . Also it does not loose reactivity with antibodies speci®c for the wild-type p53 conformation (Zambetti and . A stronger rather than a weaker eect of the p53-His273 as compared with the p53-wt can be connected with its higher intracellular levels. Indeed, p53 content in the Rat/wt cells bearing exogenous p53-wt is lower than . Of course, other explanations based on qualitative dierences in activity of p53-wt and p53-His273 are also possible. Unlike p53-His273 the eects of other p53 mutants (Tyr141, His194, Trp248) on the morphometric indices of ras-transformed Rat1 cells were less obvious or absent.
Interestingly, the cells that do not express ras oncogene (parental Rat1 cells or their derivatives transformed by v-mos oncogene) showed no clear eect of p53-His273 and p53-wt on cell morphology (Table 1) . Several signalling pathways contribute to ras-induced cell transformation (White et al., 1995; Qiu et al., 1995) . Along with possible but poorly characterised intercytoplasmic ras-rho/rac-cytoskeleton signalling (for review see Machesky and Hall, 1996; Zigmond, 1996) at least three other pathways transduce signals to the nucleus: ras-raf-MAPK-AP1 (White et al., 1995) , ras-rac SAPK-AP1 (Coso et al., 1995; Minden et al., 1995) , and ras-rho/rac-SRF (Hill et al., 1995) . Since (i) mos activates MAPK (Posada et al., 1993; Mansour et al., 1994; Fukasawa et al., 1995) , (ii) dominant-negative Mek1 (MAPKK) mutant abrogates v-mos-induced transformation (Okazaki and Sagata, 1995) , and (iii) v-mos-transformed cells show no morphological reversion after introduction of p53-His273 (Table 1) it seems reasonable to propose that p53 may interfere with the changes caused by ras-rho/ rac rather than by ras-raf-MAPK signalling. The modulation of nuclear part of this or some other pathways by p53 may be based on its ability to interact directly with a set of nuclear transcription factors such as Sp1 (Borellini and Glaser, 1993; Perrem et al., 1995) , CBF (Ago et al., 1993) , TFIIH (Xiao et al., 1994) , TFIID Liu et al., 1993), TAFII 31 (Lu and , TAFII40, TAFII 60 (Thut et al., 1995) and others, and to modulate their function related to regulation of the genes responsible for transformation. For example, p53 is able to bind TATA-binding protein (Seto et al., 1992; Horikoshi et al., 1995) which, in turn, is involved in regulation of AP1 (Ransone et al., 1993) .
p53 His175 mutant enhances morphological transformation induced by ras in p53-de®cient 10(3) ®broblasts.
In another series of experiments we analysed the in¯uence of p53 mutants on morphology of murine 10(3) immortalised ®broblasts which are devoid of endogenous p53 expression (Harvey and Levine, 1991) . In these cells possible gain of function activities of mutant p53 can be assessed. As compared with Rat1 ®broblasts, the control 10(3) cells show higher dispersion and elongation indices (Table 2) , i.e. look like cells with more transformed phenotype. Introduction of pPS/hydro-ras construct caused further increase of elongation index and some reduction of cell area (Table 2 ). p53-His273 showed non-signi®cant eect on the expression of ras-induced morphological transformation. In contrast, expression of another mutant, p53-His175, increased the manifestation of ras-induced transformation: 10(3)-175/ras cells showed clear diminishing of cell area as well as signi®cant increase of dispersion/elongation indices in comparison with both control 10(3)-neo/ras and 10(3)-273/ras cells bearing His273 mutant p53 (Table 2 ). It is noteworthy that gain of function activity of p53-His175 is probably responsible not only for the enhancement of rasinduced morphological transformation but also for the increase of dispersion index in parental 10(3) cells (Table 2 ) that may point to some disorganisation and enhancement of local cell motility. Interestingly, the p53-His175 shows higher ability to cooperate with ras, i.e. to induce the formation of transformed cell foci as compared with other tested p53 mutants (Hinds et al., 1990; Zambetti and Levine, 1993) . The ability of mutant p53 to cooperate with ras in cell transformation may be based on its capacity to inactivate via dominant-negative eect the function of endogenous p53 and as a result to abrogate both cell cycle arrest and apoptosis induced in response to ras-hyperexpression. The higher eciency of p53-His175 in cell transformation assay may be connected with its higher ability to prevent apoptosis. In fact, recent data indicate that p53-His175 is capable to inhibit both p53-dependent and p53-independent apoptosis in 10(1) murine p53-null cells (Thomas et al., 1996) . The data presented here suggest that gain of function activities of p53-His175 can enhance the expression of rasinduced morphological transformation. This property of p53-His175 along with its strong capability to abrogate apoptosis may underlay the observed higher eciency of p53-His175 in formation of foci of morphologically transformed cells.
Taken together our results show that expression of mutant p53s can in¯uence cell shape. The pattern of morphological changes may depend on both cell context and particular amino-acid substitution. The signalling pathways responsible for these alterations remain to be elucidated. Levine, 1991) were developed earlier by similar procedures as Rat1 and IAR-2 sublines expressing p53 cDNAs and/or N-ras ssp12 oncogene (see footnote to Table 1) 
